While the central nervous system is considered an immunoprivileged site and brain tumors display immunosuppressive features, both innate and adaptive immune responses affect glioblastoma (GBM) growth and treatment resistance. However, the impact of the major immune cell population in gliomas, represented by gliomaassociated microglia/macrophages (GAMs), on patients' clinical course is still unclear. Thus, we aimed at assessing the immunohistochemical expression of selected microglia and macrophage markers in 344 gliomas (including gliomas from WHO grade I-IV). Furthermore, we analyzed a cohort of 241 IDH1R132H-non-mutant GBM patients for association of GAM subtypes and patient overall survival. Phenotypical properties of GAMs, isolated from high-grade astrocytomas by CD11b-based magnetic cell sorting, were analyzed by immunocytochemistry, mRNA microarray, qRT-PCR and bioinformatic analyses. A higher amount of CD68-, CD163-and CD206-positive GAMs in the vital tumor core was associated with beneficial patient survival. The mRNA expression profile of GAMs displayed an upregulation of factors that are considered as pro-inflammatory M1 (eg, CCL2, CCL3L3, CCL4, PTGS2) and antiinflammatory M2 polarization markers (eg, MRC1, LGMN, CD163, IL10, MSR1) , the latter rather being associated with phagocytic functions in the GBM microenvironment. In summary, we present evidence that human GBMs contain mixed M1/ M2-like polarized GAMs and that the levels of different GAM subpopulations in the tumor core are positively associated with overall survival of patients with IDH1R132H-non-mutant GBMs.
INTRODUCTION
The tumor microenvironment substantially influences tumor progression and first approaches targeting the immunological tumor microenvironment entered clinical trials (13, 18) . Especially cytotoxic tumor infiltrating lymphocytes (TILs) might be crucial and are mostly associated with improved survival in peripheral neoplasms (11) . In highgrade gliomas, that still display a dismal prognosis (48) , there is controversial data about the prognostic relevance of TILs (2, 17, 21, 24, 26) . In vitro experiments have shown promising antitumoral effects of TILs and NK cells (33) . However, the majority of immune cells in gliomas are not TILs but rather glioma-associated microglia and macrophages (GAMs, referring explicitly to microglia and macrophages in the glioma microenvironment in distinction to microglia and macrophages (M/M) without a relation to any tumor microenvironment) (14, 34) . The origin of GAMs was investigated in several different GBM mouse models showing discrepant findings regarding the amount of recruited macrophages and microglia that contribute to the total GAM population (44) . GAMs infiltrate the tumor center via chemoattraction (38) , potentially playing a role in TIL recruitment. Nevertheless, the functions and the ability to initiate an effective antitumor immune response as well as the prognostic impact onto patients' clinical course of tumor-associated macrophages (TAMs) still remain unclear and are ambivalently discussed (eg, positive (10, 37) vs. negative (39, 51) prognostic effects). This has recently been reviewed in detail with regard to GAMs (15, 23, 41, 44) . External stimuli like interferon-γ (IFN-γ), tumor necrosis factor (TNFα) or the interleukins IL-4 and IL-10 considerably influence macrophages in general (28) and tumor-associated macrophages (TAMs, referring to macrophages in non-CNS cancer entities) eg, (5) . To classify macrophage properties and functions, the concept of M1/M2 immune polarization was introduced (32) . TAMs are considered to develop a so-called M2 phenotype with anti-inflammatory functions in most peripheral high-grade tumors (46) , being associated with tissue remodeling, angiogenesis that might contribute to tumor progression (6, 28) and poor prognosis eg, (5) . However, the M1/M2 model is strongly debated in general (14) and evidence for its suitability for neoplasms of the central nervous system (CNS) is still poor (20, 49) . Despite potentially distinct immunological properties of macrophages and microglia, it is still difficult to differentiate the exact origin of GAMs (9, 43, 44) .
Thus, the aim of our study was to characterize distinct GAM subpopulations in the microenvironment of astrocytomas and to assess the immunological properties of GAMs in high-grade astrocytomas. We investigated the prognostic impact of GAM subpopulations in a cohort of 241 patients with IDH1R132H-non-mutant glioblastoma (GBM) and additionally in GBM patient-derived orthotopic xenografts (PDOX) models to evaluate a potential rationale for GAM-targeting or immune polarization associated therapy approaches (16, 25, 27) .
MATERIAL AND METHODS

Patient tissue and tissue microarrays
We investigated tissue micro arrays (TMA) containing paraffin embedded samples from 344 patients. The histopathological diagnoses were performed by board certified neuropathologists (MM, PNH). Diagnosis of tumor samples was retrospectively adapted according to the WHO criteria of 2016 including immunohistochemical analysis of the IDH1R132Hmutation status (IDH1R132H-immunohistochemistry (IHC) positive in IDH1R132H-mutant and negative in IDH1R132Hnon-mutant gliomas). We included 44 pilocytic astrocytomas WHO grade I (all IDH1R132H-non-mutant), 14 diffuse astrocytomas WHO grade II (8 IDH1R132H-mutant, 6 IDH1R132H-non-mutant), 35 anaplastic astrocytomas WHO grade III (19 IDH1R132H-mutant, 16 IDH1R132H-nonmutant) and 251 GBMs WHO grade IV (10 IDH1R132Hmutant, 241 IDH1R132H-non-mutant). We only analyzed treatment-naive patients at first diagnosis; recurrent glioma patients were excluded. During preparation of TMAs (previous descriptions of the cohort and TMA preparation (1)), we carefully selected representative tissue samples on whole mount sections consisting of vital tumor regions and avoiding marked necrotic areas. To rule out intraindividual differences, up to three repeated cores of the same patients were included in the TMAs. The first core of each patient was used for statistical analyses to avoid subjective bias. We additionally included and separately analyzed infiltration zones (IZ, n = 39, distinct GBM area with 50%-70% reduction of cell density as compared to the corresponding vital tumor tissue; both areas had previously been identified in whole mount sections) and normal-appearing gray (NAGM, n = 62) or white matter (NAWM, n = 19) from GBM samples that were analyzed separately. As we investigated diffusely infiltrating tumors, which invade gray as well as white matter, we combined NAGM and NAWM to normal appearing brain tissue (NAB, n = 81). Normal human autopsy brain tissues and tonsil tissue were derived from the tissue bank of the Edinger Institute (Neurological Institute), Frankfurt, Germany. Tumor samples were derived from the local Biobank UCT Frankfurt, Germany. The usage of human patient material was approved by the local ethical committee (GS-04/09, GS-249/11, SNO-01-2015).
Whole DNA methylome analyses
Exemplarily, we investigated a cohort of 11 patients with DNA-methylation-based classification of IDH-wild-type GBMs (7) using the EPIC 850k whole methylome Chip (Illumina, San Diego, CA, USA) following standard protocols for tissue and DNA processing. Hybridization was performed as indicated by the manufacturer. Data were preprocessed using Illumina Genome Studio. Further analysis was performed using JMP 14.0 (SAS, Cary, NC, USA). Of these 11 DNA-methylation-based IDH-wild-type GBMs, 2 patients were previously diagnosed as IDH1R132H-nonmutant anaplastic astrocytomas WHO grade III and one patient was diagnosed as IDH1R132H-non-mutant diffuse astrocytoma WHO grade II based on histopathological evaluation. In these patients, neuroradiological signs of necroses and contrast enhancement indicating the morphologically defined GBM microenvironment were likewise not present as evaluated by a board certified neuroradiologist (MME). Thus, these three cases were described as discordant to the DNA-methylome analysis. We compared the amount of Iba1-positive GAMs of these three patients with those of the remaining eight patients with concordant histopathological and DNA-methylation-based classification of IDH-wild-type GBM.
Patient-derived orthotopic xenografts
GBM biopsies were collected at the Neurosurgical Department of the Centre Hospitalier in Luxembourg and of Haukeland University Hospital, in Bergen, Norway from patients who have given their informed consent. The use of patient material has been approved by the local ethics committees [National Ethics Committee for Research of Luxembourg (CNER); Project number: REC-LRNO-20110708], local ethics committee Haukeland University Hospital, Bergen). Multicellular organotypic GBM spheroids containing heterogeneous cell populations and GBM brain tumor-derived initiating cells (BTICs) were prepared as previously described and implanted in immunodeficient mice (3) . Briefly, mechanically minced samples were seeded on agar coated flasks (0.85%) and allowed to form spheroids for 2 weeks at 37°C under 5% CO2 and atmospheric oxygen in DMEM medium, 10% FBS, 2 mM L-Glutamine, 0.4 mM nonessential amino acids (NEAA) and 100U/mL Pen-Strep (all from Lonza). BTICs (spheroids of 300-400 µm diameter, 6 per animal) were implanted into the brain of NOD/SCID mice (36) . Mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) and fixed in a stereotactic frame (Narishige Group, Tokyo, Japan), and a small hole was drilled in the skull. BTICs were slowly injected through a Hamilton syringe (Hamilton, Reno, NV, USA) into the right frontal cortex. The animals were sacrificed upon severe neurological or behavioral abnormalities. The handling of the animals and the surgical procedures were performed in accordance with the European Directive on animal experimentation (2010/63/EU) and the Luxembourgish law. Twenty-six mice were analyzed in the study carrying xenografts derived from 12 GBM patient tumors (1-3 mice per PDOX model). The local ethical committee for animal welfare approved the protocols.
Immunohistochemistry
For IHC analyses, the following antibodies were used: anti-leukocyte common antigen CD45 (Dako, Hamburg, Germany; M0701, dilution for IHC 1:2000), anti-CD68 (Dako; M0876, dilution for IHC 1:200), anti-CD163 (Leica Biosystems, Novocastra, Nußloch, Germany; NCL-CD163, dilution for IHC 1:50), anti-CD206 (abcam; ab117644, dilution for IHC 1:100), anti-Iba1 (Wako, Neuss, Germany; 019-19741, dilution for IHC 1:1000) and anti-MHCII (Dako; M0775, dilution for IHC 1:1000). IHC were performed according to standardized protocols using Discovery XT automated immunostainer (Ventana Medical Systems, München, Germany) as previously published (1) and analyzed using a light microscope (BX41, Olympus, Hamburg, Germany).
Manual quantification of immunohistochemistry and statistical analysis
IHC of different M/M markers (CD68, CD163, CD206, Iba1) was evaluated as the percentage of positive cells related to the total cell number by visual estimation of the entire tissue cores of patients in TMAs. Intravascular cells were excluded by morphology (evaluated by board certified neuropathologists). TMA cores with mainly necrotic tissue (necrotic area >30%) were excluded from the statistical analysis of the TMAs. In TMA cores with <30% of necrosis, necrotic parts were excluded from GAM quantification. Since some of the aforementioned M/M markers might in fact predominantly but not exclusively be expressed by GAMs in the total GBM microenvironment, we additionally applied suggestive histomorphologic criteria for quantification that together with the respective IHC markers did most likely reflect CD163-, CD206-or CD68-positive GAMs. We performed correlation analysis based on Spearmans ρ testing of repeated TMA cores of the same patients to rule out intraindividual differences. Since homoscedasticity and normal distribution were not given for all analyses, nonparametric Wilcoxon's test with subsequent adjustment of the P-values by the Bonferroni-Holm method was used. P-values were indicated including their 95% confidence intervals (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). To exclude a potential inter-or intraobserver variation of manual IHC quantification, we correlated (Spearmans ρ testing) the analyses of two independent raters and the analyses of one rater performed at two different time points.
Additionally, the amount of Iba-1 positive GAMs was manually quantified in a cohort of DNA-methylation-based classified IDH-wild-type GBMs with partly (n = 3) discordant results between histopathological grading and DNA-methylation profiling. Statistical analysis was performed using GraphPad Prism 7 software.
Further, manual quantification of Iba1-positive cells of whole mount tissue samples of PDOX models was performed. Vital tumor core was analyzed separately from infiltration zone (IZ) and normal appearing brain tissue (NAB). The association of patient (IDH1R132H-non-mutant GBMs) and murine survival with response variables was assessed by Kaplan-Meier analyses as previously described using a median split for all M/M markers (53) and additionally a best split for Iba1-expression. Statistical analysis was performed using JMP 14.0 software (SAS). A significance level of alpha = 0.05 was chosen for all testings. 
Automated quantification of immunohistochemistry and statistical analysis
In a second approach, we controlled accuracy and precision of the above-mentioned manual analysis with automated image analysis, a threshold-based assessment of stained area, implemented in MATLAB (MathWorks, Aachen, Germany) exemplarily for Iba1-IHC staining in our TMA patient cohort. The thresholds were based on minimum entropy estimation, applied on the DAB and hematoxylin channels after color deconvolution. For the DAB channel, the threshold was estimated in two steps. First, a threshold was estimated from the whole spot. Second, the final threshold was estimated from the areas found with the first threshold. This procedure is more robust against varying background staining than applying a single threshold. The estimation was done for each TMA spot individually. The resulting ratio of DAB area to total area was correlated with the manual quantification of Iba1-IHC.
MACS® isolation of human microglia and macrophages
GAMs were isolated by CD11b-based magnetic cell sorting (MACS®) from in total n = 9 native human high-grade astrocytomas (n = 7 IDH1R132H-non-mutant GBMs, n = 1 IDH1R132H-mutant GBM, n = 1 IDH1R132H-mutant anaplastic astrocytoma, WHO grade III) and primary microglia from n = 3 normal brain autopsy cases with a short post-mortem delay as described previously (53) . Isolated cells were characterized by FACS reaching a purity of >95% (53) and by Iba1, MHCII and CD45 immunocytochemistry. Tissue samples for M/M isolation were obtained from the departments of neurosurgery, pathology and legal medicine of the Goethe University, Frankfurt, Germany. The use of human tumor and control material was approved by the local ethical committee (GS-04/09, GS-249/11, SNO-01-2015).
Cell culture of primary human tumor cells
Primary cultures from native human GBM specimens were established and grown in DMEM/10% FCS or neurosphere medium [50 mL DMEM-F12 (Gibco Invitrogen) supplemented with 50 μL epidermal growth factor (EGF, PeproTech, Hamburg, Germany), 100-μL basic fibroblast growth factor (bFGF, PeproTech), 1 mL B27 Supplement (Gibco Invitrogen), 0.5 mL N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES, Gibco Invitrogen), 0.5 mL P/S (Sigma Aldrich)] as described previously (53) .
RNA microarray and genome wide gene expression analysis
RNA microarray analyses were performed using isolated microglia from normal white matter (WM) of n = 3 patients and GAMs from n = 6 native human GBM patients (n = 5 IDH1R132H-non-mutant, n = 1 IDH1R132H-mutant). Microglia from WM were pooled for the RNA microarray caused by lower RNA amounts. Total RNA was extracted from MACS® isolated cells as described previously (53) . Only RNAs found free of contamination as determined by spectrophotometry using the NanoDrop® ND-1000 system were further analyzed. RNA analysis using Bioanalyzer 2100 and RNA pico chips (Agilent Technologies, Diegem, Belgium) revealed that all samples were partially degraded with RIN ranging from 3.5 to 7.10. RNAs were further processed using the Affymetrix sensationPlus FFPE amplification and whole-transcriptome labeling kit as recommended by the manufacturer (protocol P/N 703089 Rev. 3). Briefly, 50 ng of input RNAs were linearly amplified and biotin-labeled, and the resulting end-labeled cDNAs (5 µg) were hybridized onto the Affymetrix GeneChip Human gene 2.0 ST arrays for 17 h. Arrays were then washed and stained using the Affymetrix GeneChip WT Terminal Labeling and Hybridization kit, before being scanned using a GeneChip Scanner 3000 following the manufacturer's instructions (user manuals number PN 702731 & P/N 702569). CEL files generated after upon array scanning were imported into the Partek Genomics SuiteTM (GS) 6.6 for further analysis. Partek options were set up for GC-content adjustment, robust multi-array (RMA) background correction, quantile normalization, log2 transformation and mean summarization. Data were first preprocessed to estimate transcript cluster expression levels from raw probe signal intensities. Resulting expression data were then analyzed by R statistical environment (https://cran.r-project.org). The quality of the data was assessed through density plots, relative log expression signal (RLE) and Pearson's correlation. Principal component analysis was used to identify potential source of variability in the dataset. Finally, differentially expressed genes (DEGs) between GAMs and normal WM microglia samples were determined. Genes found with an absolute Log2 fold change >= 2 were considered for further analysis. Pearson transformation was applied to analyze coexpression of genes.
Bioinformatic analyses
The Ingenuity Pathway Analysis database (IPA) (Ingenuity Systems, Redwood City, CA, USA, www.ingenuity.com) and the DAVID® database were used for data mining, including functional analyses, upstream analysis, gene network reconstruction, as well as up-and downstream analysis of interaction networks. In DAVID®, biological functions deregulated between GAMs and the reference WM microglia were determined from the set DEGs considering enrichment scores >2. In IPA, the mapping of the DEGs resulted in a list of 956 analysis ready molecules that were further processed considering only the experimentally validated set of data referenced in the IPA database. Upstream regulators were deemed (i) significant if associated with a P-value of overlap <10 2 ; (ii) activated if associated z-score was >2 or (iii) inhibited if z-score was <−2.
Quantitative real-time polymerase chain reaction (qRT-PCR)
The qRT-PCR served to confirm differential expression of a subset of M/M polarization genes regulated in the RNA microarray in GAMs as compared to normal microglia. Extraction of total RNA and reverse transcription into cDNA from microglia from normal WM and from GAMs from native human high-grade astrocytomas was performed as described previously (53) . The quantitative PCR (qRT-PCR) reactions were prepared in a final volume of 20 µL. The TaqMan Fast Universal PCR Master Mix, the target assay (Applied Biosystems) and 20 ng of cDNA were used for the analysis of the TaqMan primers CCL22, IL10,
and TLR2 (fw 5′-CTCGGAGTTCTCCAGTGTTT-3′, rv 5′-CCAGTGCTTCAACCCACAAC-3′) per triplicate 3.25 µL (approx. 150 ng) cDNA, 6.5 µL primers, and 32.5 µL SYBR in 22.75 µL sterile DNAse-RNAse free water were applied. RPLP0 (fw 5′-GAGTCCTGGCCTTGTCTGT GG-3′, rv 5′-TCCGACTCTTCCTTGGCTTCA-3′) and 18S (fw 5′-CTTTGGTCGCTCGCTCCTC-3′, rv 5′-CTGACC GGGTGGTTTTGAT-3′) were used as internal standard controls. Primers were designed with the Primerblast tool. Primermix of forward (fw) and reverse (rv) primers (Sigma Aldrich, Steinheim, Germany) were prepared at a concentration of 100 mM. Amplicons were loaded onto ethidumbromide gels to exclude unspecific binding. Serial dilutions were used to generate standard curves for each gene. All analyses were performed in triplicate, and the dCT, ddCT and R value (% of WM control group) were determined.
Immunoblotting
Protein lysates were generated by mechanical and enzymatic treatment of cryo-conserved human brain tumors, primary tumor cells and M/M as described previously (53) . The protein concentration was determined according to the manufacturer's protocol of the Micro BCA™ Protein Assay Kit (Thermo Scientific, Dreieich, Germany). The electrophoretic separation of the denatured proteins was performed on 12.5% SDS-polyacrylamide gels followed by a blotting process as described previously (53) . Blots were blocked in 1x Roti-Block blocking buffer (Roth, Karlsruhe, Germany) and then incubated with the primary antibodies Iba1 (Wako, 016-20001, dilution for WB 1:1000) and betaactin (Abcam, ab8227, dilution for WB 1:2500) as a loading control. Immunodetection was performed by HRP enzymecoupled secondary antibodies, which oxidize luminol (Santa Cruz Biotechnology, Heidelberg, Germany) resulting in a chemoluminescent reaction on X-ray films (Super RX, Fujifilm Europe GmbH, Düsseldorf, Germany).
RESULTS
GAMs display a mixed M1/M2-like polarization profile
CD11b-positive GAMs from fresh astrocytoma tissue and microglia from normal WM were sorted by MACS® ( Figure  S1A ) reaching a high purity ( Figure S1B to G and as previously demonstrated ( Figure S2 of (53)). Iba1 expression in protein lysates of purified GAMs, primary GBM cultures and whole tumor tissue lysates all correspondingly derived from the same respective patient confirmed the content of GAMs ( Figure S1B ). Transcriptome analysis identified 979 differentially expressed genes showing a very distinct expression pattern in GAMs of GBM patients in contrast to normal WM microglia samples ( Figure 1A ) that were used as reference for further analyses. Gene expression profiles were found relatively stable in the GAM samples ( Figure 1A ). Among the differentially expressed genes between GAMs and normal WM microglia, many were recognized as inflammatory molecules ( Figure 1B-D) belonging to both M1-like (eg,: CCL2, CCL4, CCL3, IL1B, TLR2, CD86, CCL5 and PTGS2) and M2-like polarization markers (eg,: MRC1, LGMN, IL10, MSR1, CD14, CD163). Moreover, the latter might functionally be partly involved in phagocytic and adhesion processes in the GBM microenvironment as indicated by Ingenuity Pathway Analysis (IPA) (Table S1, S2). The validation qRT-PCR of selected M/M polarization markers (CCL2, TLR2, IL1B, MRC1, CD14, CD163, PTGS2, MSR1, CD163L) in GAMs from eight GBM patients (n = 7 IDH1R132H-non-mutant, n = 1 IDH1R132H-mutant) and one exemplary patient with IDH1R132H-mutant anaplastic astrocytoma WHO grade III as compared to three different samples of WM microglia ( Figure 1C ) largely confirmed the microarray data.
Different M/M markers show a heterogeneous distribution in astrocytomas
To characterize the distribution pattern of GAMs in human IDH1R132H-mutant and -non-mutant astrocytomas WHO grade I-IV, we investigated the expression levels of the following M/M markers: Iba1 (pan-M/M marker), CD68 (lysosomal/endosomal-associated membrane glycoprotein; highly expressed by M/M), CD163 (scavenger receptor, proposed M2-like marker), CD206 (macrophage mannose receptor, proposed M2-like marker) (Figure 2A) . Exemplarily, we further assessed the distribution of MHCII, 
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CD45 and the myelomonocytic markers myeloperoxidase (MPO) and CD15 ( Figure 3A) .
From a technical point of view, we achieved a highly significant intra-(Spearmans ρ = 0.8729, P < 0.0001***) or interobserver (Spearmans ρ = 0.8577, P < 0.0001***) agreement of manual GAM quantification. Correlation analysis of repeated TMA cores of the same patients revealed a high similarity without major intraindividual differences regarding the levels of Iba1 positive cells ( Figure S2A ). Moreover, automated image analysis for Iba1 staining to control accuracy and precision of manual IHC quantification showed a high correlation ( Figure  S2B ).
Statistical analysis of Iba1-, CD68-, CD163-and CD206positive GAMs in pilocytic astrocytomas and IDH1R132Hmutant and -non-mutant diffuse astrocytomas of WHO grade II-IV revealed highest numbers for the Iba1-positive GAM fraction in all astrocytomas followed by the presumed pan-M/M marker CD68 and CD163 being expressed by a slightly lower proportion of GAMs ( Figure 2B , Figure S3A -D, Table 1 ). In summary, GAMs of all analyzed subpopulations did mostly not differ significantly across the WHO grades within the respective molecular subclasses of neither IDH1R132H-mutant nor -non-mutant diffuse astrocytomas of WHO grade II-IV. Relatively high levels of Iba1-and CD163-positive GAMs were observed in IDH1R132H-non-mutant GBMs without showing a significant difference between the distinct molecular GBM subclasses ( Figure 2B , Figure S3A -D). Also, when directly comparing lower grade astrocytomas of WHO grade II and III with GBMs, there were merely nonsignificant trends of higher GAM levels in GBMs. However, significantly more CD163-positive GAMs were observed in IDH1R132H-non-mutant GBMs as compared to IDH1R132H-non-mutant astrocytomas of WHO grade II/ III ( Figure S3A-D) . GAM levels of all investigated subtypes were quite heterogeneous especially in GBM patients ( Figure 2B , Table 1 ). Comparing diffuse astrocytomas of WHO grade II-IV with pilocytic astrocytomas, both pan-M/M markers Iba1 and CD68 as well as the presumed M2-marker C163 were found in significantly higher levels in pilocytic astrocytomas WHO grade I ( Figure  2B , Table 1 ). The presumed M2 markers CD163 and CD206 displayed a distinct distribution pattern in the GBM microenvironment. We detected CD163-positive GAMs mainly in perinecrotic GBM areas, but also in the vital tumor core. CD206-positive GAMs were generally present in low numbers in astrocytomas of all WHO grades I-IV ( Figure 2 , Table 1 ), predominantly found in perivascular localization and in perinecrotic areas ( Figure  3A) . Additional quantification of Iba-1-positive GAMs in patients with a DNA-methylation profile of IDH-wild-type Table 1 ) was statistically assessed in IDH1R132H-mutant and -non-mutant astrocytomas WHO grade I-IV using the nonparametric Wilcoxon's test. Box and Whisker plots for positive cells (in %) are depicted. P-values were indicated (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). For adjustment of the P-values because of multiple testing, we used the method of Bonferroni-Holm. Only significantly different expression levels between the different entities were highlighted. Statistical analysis was performed using JMP 14.0 software (SAS). GBM but lower histopathological grading of WHO grade II or III (n = 3) only revealed a statistically nonsignificant trend toward lower GAM levels in the patient group with lower histopathological grading as compared to patients with IDH-wild-type GBM showing typical GBM features in both histopathological and DNA-methylationbased assessment (n = 8) ( Figure S3E ).
Association of Iba1-, CD68-, CD206-and CD163-positive cells with glioblastoma patient survival
Our IHC analyses confirmed a heterogeneous distribution pattern of GAM subpopulations in distinct tumor areas ( Figure 3A) . Despite the locoregional heterogeneity, we found a significant positive association of the amounts of CD68-, CD163-and CD206-positive GAM subpopulations in the vital tumor core with prolonged overall survival of IDH1R132H-non-mutant GBM patients performing a median split for each M/M marker ( Figure 3B ). As for Iba-1 positive GAMs, this positive prognostic impact could be corroborated when strictly discriminating Iba1 high -from Iba1 low -tumors (best split 30%) in patients with IDH1R132Hnon-mutant GBMs ( Figure S4A ) while Iba1-median split (20%) showed a similar trend toward a positive correlation with patient survival yet missing statistical significance. GBM PDOX models likewise showed a correlation of beneficial survival with high amounts of Iba1-positive cells in the vital tumor core ( Figure 4A to C). In PDOX models, GAM levels were not related to an invasive or noninvasive growth pattern (data not shown). Interestingly, high levels of GAMs in the GBM IZ or NAB did not correlate with overall survival neither in PDOX models ( Figure 4D -F) nor in the large cohort of IDH1R132H-non-mutant GBM patients (assessed by Iba1-, CD68-, CD163-, CD206-IHC, Figure S4B -E).
The transcriptome profile of GAMs is functionally related to cancer-associated M/M cell motility and immune cell communication regulated by TNFα signaling
Ingenuity Pathway Analysis (IPA) (complete IPA: Table  S1 ) revealed, that genes differentially regulated in GAMs as compared to reference normal WM microglia were enriched for factors involved in canonical pathways of immunological processes ( Figure 5A ) and phagocytosis (Table S2 ). IPA identified a relation to ten top diseases including cancer, neurological disease, inflammatory disease and response and immunological disease ( Figure 5B ). IPA upstream regulator analysis retrieved 10 potential molecules whose differential regulation could explain the gene expression profile obtained comparing GAMs with WM microglia. Most of these presumably activated upstream regulators belong to the cytokine family with TNF showing highest significant activation levels in GAMs (Table S3 ).
Corroborating the IPA findings, DAVID analysis revealed mostly immunologically related annotation clusters (complete DAVID analysis: Table S4 ).
DISCUSSION
There is conflicting data about the prognostic impact of the innate immune system including GAMs in gliomas (15, 23, 41, 44) . An immunosuppressive state with decreased adaptive (4, 35, 42) and innate (8, 12, 17) immune response in glioma patients has been claimed since decades. Although a body of literature is trying to characterize potential pro-or anti-neoplastic GAM functions, a direct link between GAM levels and patient survival was hardly assessed systematically. So far, there is no consensus about the immunological phenotype and prognostic role of different GAM subpopulations (15) . Against the background of recent diagnostic improvements including molecular and DNAmethylation profiling (7), we investigated the prognostic impact of different GAM subpopulations in a clearly defined patient cohort applying the WHO criteria of 2016, immunohistochemical analysis of IDH1R132H-mutation status and exemplarily DNA-methylation-based classification of selected patients.
In astrocytomas of WHO grades I-IV, we confirmed the findings of previous studies (50) observing highest levels of GAMs in pilocytic astrocytomas WHO grade I ( Figure  2) , an entity that has to be considered separately from diffuse astrocytomas of WHO grades II to IV. While several publications describe increasing GAM levels depending on the WHO grade of diffuse gliomas (15), we merely detected nonsignificant trends of increasing levels of Iba1and CD68-positive GAMs (both classical pan-M/M marker) with increasing WHO grades II to IV in the distinct molecular subclasses of IDH1R132H-mutant and -nonmutant diffuse astrocytomas. In GBMs, we detected relatively high levels of Iba1-and CD163-positive GAMs without showing a relevant difference between the molecular subclasses of IDH1R132H-mutant and non-mutant GBMs (Figure 2B , Figure S3A -D). Within our cohort of DNAmethylation-based classified IDH-wild-type GBMs, we could likewise only detect a nonsignificant trend toward lower Iba1-positive GAM levels in patients with -discordant to the DNA-methylation profiling -lower histopathological grading ( Figure S3E) . A limitation of this additional epigenetically defined patient cohort was the relatively low number of patient cases. In line with previous studies investigating intertumoral heterogeneity of GBM patients (52) , GAM levels were quite heterogeneous in the different patients investigated in our largest TMA cohort of 241 IDH1R132H-non-mutant GBM patients. The scavenger receptor CD163 is considered as an anti-inflammatory molecule indicating M2-polarization. The similarly high expression of the pan-M/M marker Iba1 and CD163 in the very distinct entities of pilocytic astrocytomas of WHO grade I and IDH1R132H-non-mutant GBMs, as also shown by others (31) , challenges a general M1/M2 concept of M/M polarization in gliomas. Most interestingly, high intratumoral levels of GAMs of all M/M markers (including both presumptive M2 markers CD163 and CD206) were associated with a better overall survival in IDH1R132H-non-mutant GBM patients ( Figure  3B, Figure S4A ) independent of the aforementioned expression levels in WHO grades II-IV with a tendency toward highest GAM amounts in GBM patients as compared to lower grade diffuse astrocytomas ( Figure 2B, Figure S3 ). Our survival data, therefore, also question the common interpretation of increased numbers of GAMs with expression of M2 markers as a surrogate for tumor progression (15) . Remarkably, both putative M2 markers CD163 and 
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CD206 showed a very distinct expression profile and locoregional distribution pattern (Figure 2 and 3A) . In addition to the different GAM subpopulations investigated in our study, all showing a positive prognostic impact independent of differing expression levels and intratumoral spatial distribution (eg, predominant perivascular or perinecrotic localization), we could confirm the finding of our previous study investigating a CD74-positive GAM subpopulation likewise demonstrating a positive association of high GAM levels with patients' overall survival (53) . The survival data could additionally be corroborated for Iba1-positive GAMs in PDOX models ( Figure 4A to C). Remarkably, our PDOX models performed in NOD/SCID mice display a per se immunocompromised microenvironment that still needs further investigation. However, GAM activation in comparable models was previously reported (45) and GAMs did show a rather activated, amoeboid morphology in comparison to microglia in NAB (Figure 4 ). Irrespectively of the aforementioned issue, our survival data were surprising especially when GAM subpopulations expressing the presumptive M2 markers CD163-and CD206 were considered as they are assumed to display anti-inflammatory, pro-neoplastic and phagocytic functions, the latter being a common feature in the GBM microenvironment around pathognomonic necroses ( Figure 3A) . Together with the transcriptome analyses of MACS®-selected GAMs, indicating a functional relation to cancer-associated M/M motility, immune cell communication and phagocytosis ( Figure 5 , Tables S1-S4), the presumptive M2-like GAM subpopulations might rather be important for phagocytosis and antigen presentation in the GBM microenvironment than representing an anti-inflammatory and potentially tumor-promoting GAM phenotype.
To decipher potential GAM functions in the GBM microenvironment, we assessed the immunological phenotype of MACS®-selected GAMs. We identified a rather mixed polarization phenotype with parallel expression of presumptive M1 and M2 markers ( Figure 1 ) and without evidence for an unequivocal M1 or M2 polarization state of GAMs according to the M1/2 model. CD11b-selected GAMs displayed an immune signature with even a predominance of M1 cytokines and parallel upregulation of M2 molecules (Figure 1 ), most likely reflecting pathognomonic features of the microenvironment (eg, phagocytosis -> MRC1, CD163, MSR1, Table S2 ). Further, our bioinformatic analyses suggest the pro-inflammatory TNFα pathway as a prominent upstream regulator pathway contributing to the identified GAM signature (Table S3 ). TNFα is one of the major pro-inflammatory M1 cytokines and displays cytotoxic antitumor functions (19) , although its pleiotropic effects may also act in a tumor-promoting manner in gliomas (29) . A recent study identified GAM-derived TNFα as significant regulator of therapeutic response to oncolytic HSV-1 therapy in GBM patients (30) . However, another study in murine glioma model found a decreased TNFα secretion in GAMs, interpreted as functional impairment (22) . Of note, the gene expression data provide a mean level of expression restricted to a subpopulation of GAMs selected with the pan-M/M marker CD11b. Thus, the analysis might miss potentially divergent polarization profiles of smaller GAM subpopulations with specialized functions (and hence specific polarization patterns). As we observed a heterogeneous distribution of different GAM subpopulations (Figures 2 and 3) , further analyses concerning their potentially distinct functional properties are needed. However, the concept of a mixed immune phenotype of GAMs is recently corroborated by others (12, 20, 43, 47, 49) likewise failing to identify a clear M1 or M2 phenotype. Also, some studies are lacking the awareness for the detection of pro-inflammatory M1 cytokines in GAMs while almost exclusively emphasizing on parallel overexpressed M2 cytokines (52) , the latter considered to comprise tumor-promoting functions as known from TAMs in non-CNS cancer entities. Altogether, this suggests that the M1/M2 model might be an over-simplification in CNS immunobiology (43) . The classification of the prognostic impact of GAMs based on a limited panel of predefined cytokines attributing a so-called M1 or M2 polarization state in GAMs as performed even recently (52, 54) seems therefore highly questionable, especially without considering different GAM subpopulations, regional heterogeneities and clinical patient data. As a summary, Figure 6 and Figure S5 illustrate the potential intratumoral distribution of different GAM subtypes in the GBM microenvironment according to our immunohistochemical observations. Another important finding regarding the survival analysis was the relevance of spatial information discriminating GAMs in the vital tumor center from those in the IZ. GAMs in the vital tumor showed a significant positive prognostic impact in both GBM patients and PDOX models in contrast to GAMs evaluated separately in the IZ of our human GBM patient cohort ( Figure S4B -E) and PDOX models ( Figure 4E and F). These findings point toward a distinct role of intratumoral GAMs that have so far not been assessed separately from GAMs in the IZ in most studies. In fact, a recent publication showed a distinct treatment response to inhibition of colony stimulating factor 1 receptor (CSF-1R) of peritumoral GAMs in GBM mouse model (40) . Thus, the critical association of the spatial distribution of GAMs with the prognostic impact might explain seemingly conflicting findings as compared to previous studies and database analyses suggesting a rather unfavorable prognostic impact of GAMs. Although there are attempts to correct datasets for contamination bias in silico (52) , missing information about the exact expression levels and spatial distribution of GAM at the level of detail as obtained in our study (eg, vital tumor tissue analyzed separately from IZ) is a potential bias that might explain conflicting data, especially when data collection is based on homogenized tumor tissue.
In conclusion, this study provides evidence that the immune polarization phenotype of GAMs might be distinct from TAMs in non-CNS cancers. Intratumoral GAMs display both M1 and M2 genes with even a predominance of presumed M1 cytokines. The additional upregulation of presumed M2 molecules may reflect pathognomonic features of the GBM microenvironment. Despite their heterogeneous distribution, different GAM subtypes are altogether associated with a favorable overall survival in patients with IDH1R132H-non-mutant GBMs. This could also be confirmed in PDOX models. The localization of GAMs inside the vital tumor core seemed to be critical for the statistical evaluation of survival analysis. Taken together, our findings present GAMs as an interesting tool for prognostic evaluation and shed a new light on therapeutic studies that are focusing on a potential GAM depolarization toward a presumably more favorable phenotype as investigated in preclinical (40) and clinical trials (latest approaches reviewed in (41, 44) ).
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web site: A. Correlation analysis revealing a high similarity of Iba1 levels between repeated tissue cores of individual patients of our TMA patients' cohort (Spearmans ρ = 0.7121, P < 0.0001). B. Correlation analysis revealing that manual and automated quantification of Iba1immunohistochemistry strongly positively correlate in our TMA patients' cohort (r2 = 0.672; P < 0.0001). Figure S3 . Expression of Iba1-positive GAMs in patients with diffuse lower grade astrocytomas compared to GBMs. A-D. Iba1, CD68, CD163 and CD206 levels were statistically assessed in IDH1R132H-mutant and -non-mutant lower grade astrocytomas (WHO II/III) compared to GBMs using the nonparametric Bonferroni's multiple comparisons test. Only significantly different expression levels between the different entities were highlighted. Statistical analysis was performed using GraphPad Prism 7 software. E. Iba1-positive GAMs were quantified in methylation-based classified IDHwild-type GBMs with discordantly lower histopathological grading (n = 3) in comparison to patients with concordant classification of IDH-wild-type in both histopathology and methylation profiling (n = 8). Aligned dot plots for Iba1positive GAMs (in %) are depicted. The relative amount of positive cells was statistically assessed using the nonparametric Mann-Whitney test (P = 0.1333). Figure S4 . High levels of Iba1-positive GAMs in IDH1R132Hnon-mutant GBM patients are associated with better survival. A. Kaplan-Meier survival curves of IDH1H132R-non-mutant GBM patients were obtained by performing best split (high expression >30% Iba1-positive GAMs; low expression ≤30% Iba1-positive GAMs) additionally to median split (20%, depicted in Figure 3B) Figure 6 . A. Iba1-, B. CD68-, C. CD206-and D. CD163positive GAMs were quantified by IHC in the vital tumor center (T), the infiltration zone (IZ) and the normal appearing brain tissue (NAB) of IDH1R132H-non-mutant GBMs. Box and Whisker plots for positive cells (in %) are depicted. P-values were indicated (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001) after performing nonparametric Dunn testing. Only significantly different expression levels between the localizations were depicted. Statistical analysis was performed using JMP 14.0 software (SAS). Table S1 . Ingenuity pathway analysis reveals different functions of GAMs. Complete ingenuity pathway analysis (IPA) analysis for regulated functions of the microarray dataset, comparing GAMs to normal WM microglia. Table S2 . Ingenuity pathway analysis indicates a phagocytic and migratory GAM phenotype. IPA analysis for the Diseases or Functions Annotation of phagocytic engulfment of the microarray dataset, comparing GAMs to normal WM microglia. Table S3 . Ingenuity pathway analysis reveals upstream regulators of GAM polarization. Ingenuity pathway analyses reveals top 10 upstream regulators leading to the particular gene expression phenotype in GAMs in comparison to normal WM microglia. An upstream regulator can deemed significant if associated P-value of overlap is less than 1 E -02. Furthermore, it is considered as activated if associated z-score is greater than 2 (or alternatively inhibited is z-score is less than −2). Table S4 . Complete DAVID analysis reveals molecular pathways involved in the immunological polarization profile of GAMs. Complete DAVID analysis for GO enrichment of genes of the microarray dataset, comparing GAMs to normal WM microglia.
